The change of optical and structural properties of Ge nanoclusters in ZrO 2 matrix have been investigated by spectroscopic ellipsometry versus annealing temperatures. Radio-frequency top-down magnetron sputtering approach was used to produce the samples of different types, i.e. single-layers of pure Ge, pure ZrO 2 and Ge-rich-ZrO 2 as well as multi-layers stacked of 40 periods of 5-nm-Ge-rich-ZrO 2 layers alternated by 5-nm-ZrO 2 ones. Germanium nanoclusters in ZrO 2 host were formed by rapid-thermal annealing at 600-800
. Introduction
Semiconductor or metallic nanocrystals (NCs) embedded in dielectric matrices have been widely studied over the last decade [1, 2, 3, 4] . Specifically, Si and Ge nanocrystals are discussed as absorbers for third generation solar cells [5] , as sensitizers of rare earth elements [6, 7] , as light emitters [8] and as charge storage node in non-volatile memory devices [1, 9, 10] . Among Ge-rich oxide materials, the main attention was paid to the Ge-NCs embedded in SiO 2 , whereas the Ge-NCs formed in Si 3 N 4 , Al 2 O 3 , HfO 2 were less addressed. Recently, a promising application of Ge-NCs embedded in ZrO 2 matrix for nanocrystal-based flash memory devices has been shown [10] , since Ge has a smaller band gap than Si, and ZrO 2 has a higher k value than SiO 2 that increases the electric field across the tunneling oxide. This material system may also be interesting for third-generation solar cells, since Ge has a higher exciton Bohr radius. Therefore, a stronger quantum confinement effect is expected than for e.g. Si nanocrystals, and the band gap can better be adjusted.
Although such nanocrystal-based structures can be investigated using different thin-film characterization methods, among optical methods ellipsometry was shown to be very capable for nanocrystal measurement [11, 12, 13, 14] providing numerous advantages. The high sensitivity combined with the high speed and the non-destructive nature results in two main capabilities: (1) The sample properties can be quickly and non-destructively qualified as well as mapped on large surfaces; (2) Based on the non-destructive nature and the in situ application, there is a possibility to follow the transformation of the sample structure during deposition and/or annealing. Even though such optical measurements can be performed, a suitable analysis can be completed only if proper optical models have been developed and accurate reference dielectric functions exist.
The present study has two major aims. First, to develop and to test proper optical models to determine Ge nanocrystals in a single Ge-rich-ZrO 2 layer as well as in a multi-layer structure. Second, to demonstrate the validity of this method by the optical investigation of the evolution of the samples structure caused by annealing. The optical characterization is very challenging since the samples contain mixed phases, and the dielectric functions of the constituents are changing with the annealing conditions and stackdepth. To determine the volume fraction of the phases as well as to follow the phase separation and the changes in the crystalline structure of the Ge
p hase accurately, the Bruggeman effective medium approximation (B-EMA) was applied. For this purpose the optical properties (dielectric functions) determined separately for pure Ge, pure ZrO 2 and Ge-rich-ZrO 2 single-layers produced with the same deposition conditions as multi-layer structures, were used.
Experimental details
The samples were fabricated using a radio-frequency (RF) magnetron sputtering system equipped with a confocal arrangement of 3-inch targets (Ge, ZrO 2 and SiO 2 ). Pure Ge, pure ZrO 2 and composite Ge-rich-ZrO 2 single-layers (left-hand side of Fig. 1 ) as well as [pure Ge/pure ZrO 2 ] 40 (denoted as Sample 'Ge' later on) and [Ge-ZrO 2 /ZrO 2 ] 40 (denoted as Sample 'Ge-ZrO 2 ') multi-layers consisting of 40 periods of alternating Ge (or Gerich-ZrO 2 ) and ZrO 2 layers, each 5 nm thick (right-hand side of Fig. 1 ), were deposited on Si wafers covered by 5 nm thermal silicon oxide layer . The samples were capped also by a 20-nm silicon oxide layer produced by RF sputtering to prevent outward diffusion of Ge during annealing. For the samples investigated in this study, RF power densities of 1.6 W/cm 2 and 3.3 W/cm 2 were used for the Ge and ZrO 2 targets, respectively, providing a nominal composition of about 50 at.% for the Ge content in the Ge-rich-ZrO 2 composite layers.
The ellipsometric measurements were performed by means of a Woollam M-2000DI rotating compensator ellipsometer in the wavelength range of 190-1690 nm in 706 points at angles of incidence of 65
• , 70
• and 75
• . The CompleteEASE software was used to evaluate the ellipsometric spectra using all the incident angles for the fit, although in most figures we only present the data at 70
• , for the sake of better visibility. Raman scattering spectra were excited with a 488.0-nm line of an Ar + laser and recorded using a LabRam HR800 micro-Raman system equipped with a Peltier-cooled CCD detector. All measurements were performed in the backscattering geometry. The power of the laser excitation was chosen to prevent the heating of the samples.
The as-deposited and annealed 'Ge-ZrO 2 ' samples were analyzed by medium energy ion scattering (MEIS) at the IIAA, Huddersfield, using 100-keV He + ions scattered through an angle of 90
• and detected with a toroidal electrostatic ion analyzer. The spectrum edges of Zr and Ge in the first and second sublayers and Si and O in the surface silicon dioxide layer are indicated by Fig. 2 . The measured data were modeled by RBX spectrum simulations [15] . This modeling appropriately matched the experimental data to yield compositions of the top surface of the multilayer sample. Due to the limited information depth for the He + ions the model consists of only 6 layers represented the near-surface region of the sample. The first layer describes the oxide film, the second, fourth and sixth describe the ZrO 2 layers and the third and fifth represent the Ge-ZrO 2 composite layers, respectively.
The concentration depth profile of the samples was obtained on the scanning Auger microprobe JAMP-9500F of JEOL production (Japan) with the spatial resolution in the secondary electron image mode of 3-nm. The instrument is equipped with the hemispherical Auger electrons analyzer with the energy resolution ∆E/E of 0.05 to 0.6% and the ion gun for the layerby-layer analysis with an Ar + ion beam diameter of 120 µm that is able to raster 1×1 mm. The variation range of Ar + ion beam energy is from 0.01 to 4 keV, while the minimal beam current is 2 µA at 3 keV. The vacuum of the specimen chamber was better than 5·10 −7 Pa. X-ray diffraction data were collected with a Philips X'PERT apparatus using Cu K α radiation in the range of 2Θ = 20 − 80
• using grazing geometry. An asymmetric grazing geometry was chosen to increase the volume of material interacting with X-ray beam, as well as to reduce the contribution from the Si substrate. The data were compared with standard cards of Powder Diffraction File Database (#37-1484 for monoclinic ZrO 2 , #50-1089 for tetragonal ZrO 2 , #4-0545 for cubic Ge). All measurements were performed at room temeprature.
Results and discussion
References for both ZrO 2 and pure Ge were determined on single-layer samples prepared with the same deposition conditions as those used for multilayer structures. The dielectric function of the ZrO 2 component was described by the Cauchy parametrization in the form of
where λ denotes the wavelength in µm, and A, B, C, A k (amplitude) and E b (band edge) are the Cauchy parameters of the real (n) and imaginary
( k) parts of the complex refractive index. The layer structure consists of a Si(substrate) / ZrO 2 / SiO 2 (capping layer) stack with Si and SiO 2 reference values taken from the literature [16] . The fit results for the Cauchy parameters of the as-deposited ZrO 2 were A = 1.988, B = 0.0092 µm 2 and C = 0.000812 µm 4 . (The error of the fit on all the Cauchy paramteres is less than 1%.) The Cauchy parameters for k (A k and Exp) were only fitted (with E b kept constant) to check the absorption, resulting in k = 0, as expected. The refractive index variation for the as-deposited and annealed single-layer ZrO 2 samples is plotted in Fig. 3 .
To extract the parameters for single-layer Ge samples, the same stack as for the ZrO 2 layers was used. However, being a semiconductor, germanium requires more complex parameterization of the dielectric function for the modelling. For the as-deposited Ge layer the Urbach-Cody-Lorentz parameterization was used, assuming an amorphous material:
where G(E) is the near-bandgap function:
L(E) is the Lorentz oscillator function:
and E 1 is defined as
where E g denotes the bandgap, A is the amplitude, E 0 is the peak transition energy and Γ the broadening term of Lorentz absorption peak. E p and E t denote the farther two transition energies. The dielectric function of Ge determined by fitting the parameters of the above equations are shown in Fig. 4 together with other references from the literature. The fact that the dielectric function of a-Ge differs from that of the literature is consistent with results of amorphous Si, showing the dependence of dielectric function
o f amorphous semiconductors on the preparation conditions [17] , which can partly be attributed to the presence of a micro-and nanocrystalline component [18] . The dependence of structural and optical properties of Ge on the preparation conditions and the thickness has also been shown for Ge in many works including the investigation of rf glow-discharge deposited [19] , ion implantation amorphized [20] , multi-layered [21] , gold mediated [22] , and a range of other non-single crystal Ge structures. The studies reveal significant differences depending on the preparation methods, and parameters including layer thickness [23] .
The superlattice samples have been modeled using either a single-layer (MsL) or a multi-layer (MmL) approach. Both of them utilize a layer stack of Si(substrate) / SiO 2 / SL / SiO 2 , whereas the 'MsL' and the 'MmL' models use a B-EMA layer and 40 pairs of B-EMA layers, respectively, describing the superlattice (SL) structure (see Fig. 1 ). In the B-EMA layer, we used the Ge and ZrO 2 references determined above. Table 1 shows that both as-deposited pure 'Ge' and mixed 'Ge-ZrO 2 ' superlattice compositions can be equally well described by the single-layer (MsL) and multi-layer (MmL) models. The spectra fitted on sample 'GeZrO 2 ' are shown in Fig. 5 , revealing an acceptable fit quality. The amount of Ge is higher in the pure ('Ge') sample, as expected, but the fit did not result in a pure separate Ge layer.
Raman scattering spectra of as-deposited samples and samples annealed at T A < 650
• C demonstrate a broad band corresponding to the amorphous Ge phase (left-hand side graph of Fig. 6 ). When T A increases up to 700 • C, the Ge-related TO phonon shifts towards higher wavenumbers that is accompanied by its narrowing. The spectra of the samples annealed at T A = 700 − 800
• C show a simultaneous presence of the bands from amorphous and crystalline Ge phases. This is therefore also included in the ellipsometric model denoted by 'c-Ge', as shown in Table 3 .
The evolution of X-ray diffraction (XRD) patterns with annealing temperature (the right-hand side of Fig. 6 ) shows that phase decomposition occurs at first via the formation of the Ge phase. This is evident by the appearance of the Ge(111) peak and its narrowing with T A rise. When Ge crystallites are formed, the crystallization of ZrO 2 sets in. The formation of tetragonal ZrO 2 phase is detected. The evolution of XRD patterns with temperature shows that the Ge and ZrO 2 phases crystallize at T A = 640−700
• C and 700-800
• C, respectively. The comparison of the transformation of Raman scattering and XRD spectra with T A allows to conclude the possibility
o f Ge-NCs formation in the amorphous ZrO 2 host. It is worth to note that the intensity of the XRD peaks related to the Ge phase decreases for the samples annealed at T A = 800
• C that can be caused by the partial outward diffusion of Ge from the samples. This assumption was confirmed by the analysis of elemental depth-profile by means of Auger spectroscopy showed the lowering of Ge content in annealed Gerich-ZrO 2 single-layers. The average [Ge]/[Zr] ratio decreases from 0.75 (for as-deposited samples) to 0.57 (for annealed at 800
• C). This effect was found to be more prominent at the near-surface region, which is consistent with the MEIS results that also show a significant decrease of Ge content in those layers as a result of annealing, with a subsequent increase in the ZrO 2 sublayers (see Table 2 ). Taking into account the layer thicknesses, the total amount of Ge in all those measured layers also decreases. The decrease is 28% and 50% in the topmost and second 'ZrO 2 + Ge' sublayers, respectively, as also shown in the table.
The single-layer model applied for the annealed samples fails to describe the structure (see Fig. 8 ), due to the diffusion of elements, as revealed by MEIS and shown in Fig. 9 as well as in the Table 2 . The deterioration cannot be explained by depolarization, because of the sub-wavelength size and uniform distribution of the formed grains (see the SEM inset in Fig. 6 , as well as the small change in the depolarization, as shown in the bottom graph of Fig. 7) .
Such outward Ge diffusion can result in the transformation of the structure of multi-stacked samples. Indeed, the ellipsometry results (see Table 3) show that the ratio of sub-layer thicknesses changes significantly with the annealing.
Multi-layer models (MmL) were also investigated (see Table 3 ), including a single-crystalline Ge component in the B-EMA, to account for the expected crystallization as shown by Fig. 6 . The measured spectra revealed a substantial structural change as a function of the annealing (Fig. 7) . In the multi-layer models, the sub-layer thicknesses as well as the volume fractions of the c-Ge and ZrO 2 phases have been fitted in a superlattice structure, i.e. each layer pair of Table 3 are repeated 40 times in the model, assuming a vertically uniform layer structure.
Considering the effect of annealing, a remarkable feature is the decrease of the mixed B-EMA sub-layer thickness, as well as the increase of the volume fraction of 'Ge' in this sublayer. The fit quality deteriorates above the annealing temperature of 650
• C with mean square error (MSE) values jumping
f rom 50 to over 200. It means that the fitted parameters for 700 and 750
• C cannot be considered as reliable. However, for the annealing temperatures of up to 650
• C, the above systematic changes of sub-layer thicknesses and 'Ge' ratio are consistent showing a phase separation with increasing annealing temperature.
The reason for the bad fit quality for the samples, annealed at T A > 650
• C, is most probably due to the vertical non-uniformity. This has also been justified by the MEIS results for the top three pairs of layers (Table  2) showing an increase of Ge content towards the surface. The attempt to construct optical models that take into account the vertical grading was not successful so far, because of the already large number of fit parameters.
One more source of possible errors is the difference between the dielectric function of forming cubic ZrO 2 and our reference (Fig. 3) , however, only a minor change is expected in the used energy range [24] . It is important to note that in this study we only used the single-crystalline germanium component (c-Ge) to describe crystallinity, although we have shown before that in case of silicon a nanocrystalline component significantly improves the fit quality, because it describes the response of a material with a large number of grain boundaries, resulting in a broadening of the absorption peaks (due to the reduced lifetime of electrons scattered at the grain boundaries) [25, 26, 12] . The reason it was not used in this study is the lack of proper reference data. To obtain, model, parameterize and test those data requires more study, sample preparation and evaluations which could not be performed in frame of this work. However, even when using the c-Ge data instead should not significantly influence the tendencies and conclusions.
Conclusions
It has been shown that ellipsometry offers a characterization of Ge/ZrO 2 and Ge-rich-ZrO 2 /ZrO 2 multi-layer structures with a high sensitivity. The as-deposited structure was successfully modeled using reference optical constants determined from single-layer characterizations. It has also been shown that the surface region (several layer-pairs from the top) can sensitively be measured be MEIS, that revealed substantial diffusion during annealing. Ellipsometry also shows a significant change in the measured spectra, however, the annealed sample (above the temperature of 700
• C) cannot be fitted with the assumption of a vertically uniform layer structure.
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Fitted parameters of the ellipsometric evaluation on the as-deposited samples. d ox and d t denote the thickness of the capping oxide and the total thickness, respectively. 'Ge' is the reference (see Fig. 4 ) determined from the single-layer sample. MSE denotes the mean square error of the fit. The confidence limits for the fit on d ox , d t and the volume fractions of the components are below 0.2 nm, 0.5 nm, and 0.5%, respectively. • and at a sample tilt angle of 54.7
• with respect to the ion beam. The spectrum edges of Zr and Ge in the first and second sublayer as well as Si and O in the surface silicon dioxide layer are indicated by arrows. • C (red lines) as well as without annealing (blues lines, 'as-dep.'). The angle of incidence was 70
• .
F igure 8: Measured and fitted spectra using the single-layer model (MsL) for Sample 'Ge-ZrO 2 ' annealed at 700
• C. The angle of incidence was 70
• . Figure 9 : MEIS spectra and the corresponding RBX simulations of as-deposited and annealed 'Ge-ZrO 2 ' samples. The spectrum edges of Zr and Ge in the first and second sublayer as well as Si in the surface silicon dioxide layer are indicated by arrows.
